Methoxychlor (MXC), an organochlorine pesticide, and its metabolites, mono-hydroxy MXC (MOH) and bis-hydroxy MXC (HPTE) are known ovarian toxicants and can cause inhibition of antral follicle growth. Since these chemicals bind to estrogen receptor alpha (ESR1), we hypothesized that ovaries overexpressing ESR1 (ESR1 OE) would be more susceptible to toxicity induced by MXC and its metabolites because the chemicals can bind to more ESR1 in the antral follicles. We cultured antral follicles from controls and ESR1 OE mouse ovaries with either the vehicle dimethylsulfoxide (DMSO), MXC, MOH, or HPTE. The data show that at 96 h, the cultured antral follicles from ESR1 OE antral follicles are more susceptible to toxicity induced by MXC, MOH, and HPTE because low doses of these chemicals cause follicle growth inhibition in ESR1 OE mice but not in control mice. On comparing gene expression levels of nuclear receptors in the cultured antral follicles of ESR1 OE and control follicles, we found differential messenger RNA (mRNA) expression of Esr1, estrogen receptor beta (Esr2), androgen receptor (Ar), progesterone receptor (Pr), and aryl hydrocarbon receptor (Ahr) between the genotypes. We also analyzed mRNA levels of Cyp3a41a, the enzyme metabolizing MOH and HPTE, in the cultured follicles and found that Cyp3a41a was significantly lower in DMSOtreated ESR1 OE follicles compared with controls. In ESR1 OE livers, we found that Cyp3a41a levels were significantly lower compared with control livers. Collectively, these data suggest that MXC and its metabolites cause differential gene expression in ESR1 OE mice compared with controls. The results also suggest that the increased sensitivity of ESR1 OE mouse ovaries to toxicity induced by MXC and its metabolites is due to low clearance of the metabolites by the liver and ovary.
MXC (1,1-trichloro-2,2-bis-(4-methoxyphenyl)-ethane) is a broad spectrum organochlorine pesticide and is a model compound for environmental estrogens because it has been shown to have pro-and antiestrogenic activity (Cummings, 1997) . Although MXC has a short half-life in mammals, it can persist in the environment for a considerable amount of time because it binds strongly to soil particles (Golovleva et al., 1984) . Hence, decades of MXC usage can result in considerable amounts of the pesticide persisting in the environment even in areas where direct exposure is minimal. The estrogenic activity of MXC has drawn attention because of its undesirable effects on mammalian female reproduction (Bulger et al., 1978; Gray et al., 1988) . Previous studies have demonstrated that MXC treatment causes adverse ovarian effects such as increased atresia (programmed cell death) of antral follicles and proliferation of ovarian surface epithelium in mice (Borgeest et al., 2002) .
Mammalian female reproduction is entirely dependent on the proper development and functioning of antral follicles (Hirshfield, 1991) . Being the only follicle type that can release the oocyte for fertilization, the antral follicle plays a crucial role in reproduction. Besides this, the antral follicle can synthesize and secrete sex steroid hormones such as estrogens, which are critical for the growth of the follicles (Hsueh et al., 1984) . The estrogens produced by antral follicles bind to estrogen receptors alpha and beta (ESR1 and 2) located in the ovary to bring about normal menstrual or estrous cyclicity and maintenance of the female reproductive tract (Matthews and Gustafsson, 2003) . In the ovary, ESR1 is predominantly expressed in the ovarian surface epithelium and theca cells, whereas ESR2 is largely localized in the granulosa cells (Couse et al., 1997b) . Although estrogen binding to ESRs is important for normal physiological functions, it is critical that the levels of ESRs in the body be normal (Couse et al., 1997a) . However, in certain cases, genetic polymorphisms may cause abnormalities in gene expression levels resulting in an overexpression of estrogen receptors (Tanaka et al., 2003) . Overexpression of estrogen receptors may also be caused by exposure to estrogenic chemicals that bind to ESRs and block endogenous estrogen from binding to the receptors (Danzo, 1997) . Binding of estrogenic chemicals to ESRs may hinder the normal functioning of the receptor as well as cause aberrant gene transcription causing an induction of ESR gene expression in the ovary (Newbold et al., 2007) . Overexpression of ESRs may make the ovary more susceptible to further toxic insult because of an increased number of binding sites for estrogenic chemicals.
In this study, we focused on whether overexpression of ESR1 in the ovary results in an increased susceptibility of the antral follicles to toxicity induced by MXC or its metabolites. MXC is metabolized predominantly to 1,1,1-trichloro-2-(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethane (MOH) and the bisphenolic compound 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl) ethane (HPTE) by cytochrome P450 (Cyp) enzymes Kupfer 1997, 1998) . Cyp1a2 and Cyp2c29 convert MXC to MOH and HPTE, whereas Cyp3a41a converts MOH and HPTE to water-soluble compounds that can be excreted from the body (Stresser and Kupfer, 1997) .
Overexpression of ESR1 in the mouse ovary was achieved by transgenic techniques as previously described . Previous results have shown that administration of MXC in ESR1 OE in vivo caused an increase in the percentage of atretic antral follicles compared with control animals . MXC and its metabolites are also known to cause growth inhibition of antral follicles in vitro Miller et al., 2005 Miller et al., , 2006 and hence, this study was designed to determine whether overexpression of ESR1 increases the susceptibility of antral follicles to growth inhibition induced by MXC and its metabolites compared with controls. Moreover, MXC and its metabolites have also been shown to cause downstream gene transcription/alterations in several species and cell types (Gaido et al., 1999 (Gaido et al., , 2000 Waters et al., 2001) . However, little information is available on the effects of MXC, MOH, and HPTE separately on gene expression levels of receptors such as Esr1, Esr2, Ar, Pr, and Ahr and the metabolizing enzymes Cyp1a2, Cyp2c29, and Cyp3a41a in mouse antral follicles. Hence, we analyzed whether the estrogenic compounds MXC or its metabolites are able to cause changes in gene transcription in ESR1 OE and control antral follicles after in vitro treatment. We hypothesized that MXC and its metabolites may cause differential gene expression in ESR1 OE antral follicles compared with controls because of the increased number of ESR1 receptors in ESR1 OE that can bind MXC and its metabolites in the ovaries.
MATERIALS AND METHODS
Generation of ESR1 OE and control mice. The ESR1 OE and control mice used in this study were generated using C57BL6 and FVB mice as previously described . Briefly, transgenic mice carrying a transgene composed of a coding sequence for murine ESR alpha (ESR1) placed under the regulatory control of a tet-op promoter (tet-op-ESR1 mice) (Hruska et al., 2002) were mated to tet-op-tTA/tet-op-luciferase mice (Shockett et al., 1995) to produce triple-transgenic mice tet-op-tTA/tet-op-luciferase/ tet-op-ESR1. The transcription of the ESR1 transgene is only achieved in the presence of a tetracycline-responsive transactivator (tTA) protein. In the tripletransgenic mice, the initial transcription of tTA protein occurs through a leaky transcription from the tet-op promoter, producing only small amounts of tTA protein. These small amounts then positively feedback on the tet-op promoter and further increase tTA protein production (Shockett et al., 1995) . The tTA protein binds to the tet-op promoter linked to the ESR1 transgene as well, driving the expression of transgenic ESR1 and luciferase.
Animals. ESR1 OE and control mice that were 32-35 days old were used for all experiments. The mice were housed in the University of Illinois core animal facility under a 12:12 dark:light cycle and provided food and water ad libitum. Only triple-transgenic ESR1 OE (tet-op-ESR1/tet-op-tTA/tet-op-luciferase) and double transgenic control (tet-op-tTA/tet-op-luciferase) mice were used for the experiments. All animal procedures were approved by the University of Illinois Institutional Animal Care and Use Committee.
Screening/genotyping ESR1 overexpressing and control mice. Mice were genotyped using PCR-based assays. Briefly, ear punch tissues from pups were lysed in 8 ll of buffer (1M Tris pH 8.0, 5M NaCl, 0.5M EDTA, and 20% SDS) containing 2 ll of 20 mg/ml proteinase K (Qiagen Inc., Valencia, CA). Digestion was carried out at 55°C for 1 h followed by enzyme inactivation at 100°C for 3 min. The lysate was then subjected to PCR using primers (1) 5#-CGAGCTCGGTACCCGGGTCG-3# and (2) 5#-GAACACAGTGGGCTT-GCTGTTG-3# for tet-op-ESR1 and primers (1) 5#-CGAGCTCGGTACCC-GGGTCG-3#, and (2) 5#-GCAAAAGTGAGTATGGTGCC-3# for tet-op-tTA. The conditions for tet-op-tTA PCR were 94°C for 3 min of initial denaturation followed by 35 cycles at 94°C for 60 s, 61°C for 60 s, 72°C for 180 s, and final extension at 72°C for 10 min. The conditions for tet-op-ESR1 were 94°C for 3 min of initial denaturation followed by 35 cycles at 94°C for 60 s, 57°C for 90 s, and 72°for 120 s. PCR products then were subjected to agarose gel electrophoresis. The presence of a 372-bp fragment indicated that the mice were controls (tet-op-tTA/tet-op/luciferase), and the presence of both 372-and 369-bp bands indicated that the mice were ESR1 overexpressors (tet-op-tTA/ tet-op-luciferase/tet-op-ESR1).
Immunohistochemical staining. The levels of ESR1 expression were compared in ESR1 OE and control mouse ovaries by immunostaining using mouse monoclonal anti-ESR1 antibody (NCL-L-ER-6F11; Leica Microsystems, IL). The cyclicity of the mice was determined by vaginal smears, and only animals in estrous were used for immunostaining. The mice were deeply anesthetized by administering ketamine/xylazine (150/10 mg/kg body weight) and perfused intracardially with heparinized phosphate-buffered saline followed by ice-cold 10% neutral buffered formalin. The ovaries were removed and put in 4% paraformaldehyde fixative. The fixed ovaries were embedded in paraffin blocks within 24 h, sectioned at 5 lm and mounted on slides. For immunohistochemical staining, the slides were first deparaffinized and rehydrated followed by steam antigen retrieval using a 10mM sodium citrate buffer at pH 6. The staining was carried out in Shandon sequenza coverplate assembly (Thermo Fisher Scientific Inc., MA) using ready-to-use reagents from the HistoMouse-Plus Kit (Invitrogen Corporation, CA) according to the manufacturer's protocol. Incubation with ESR1 antibody (1:40) was carried out for 2 h at room temperature followed by washes and incubation with monoclonal secondary antibody for 1 h.
The levels of ESR1 staining in MXC-treated mice were quantified using published methods (Barnett et al., 2007) . Specifically, images from stained sections obtained from at least three different animals per treatment group were digitally captured using a Leica DFC 290 camera and analyzed using the ImageJ software (http://rsb.info.nih.gov/nih-image/). Digital images were initially converted to eight-bit grayscale images and then converted to pseudo colored images. Colors were based on relative stain intensity, as defined digitally. Areas with no staining appeared dark blue, whereas areas with the most intense staining appeared deep orange to red. The ESR1 labeling index, expressed as a percentage of positively stained area per follicle, was determined for all follicles in each section (two to three follicles per section from at least three separate animals per group). Values for ESR1 labeling indices were generated by dividing the ESR1 positively stained area per follicle by the total area per follicle and multiplying the values by 100.
Chemicals. MXC (99% pure) was purchased from Chemservice (West Chester, PA). MOH and HPTE (99% pure) were synthesized in Dr Vincent 448 PAULOSE ET AL.
Njar's laboratory (University of Maryland, Baltimore now at Thomas Jefferson University, Philadelphia, PA). Stock solutions of MXC, MOH, and HPTE for in vitro dosing were prepared using dimethylsulfoxide (DMSO) (Sigma, St Louis MO) as a solvent.
Follicle culture. Antral follicles (determined by appearance and relative size) were isolated from ESR1 OE and control ovaries using fine watchmaker forceps. About 75-80 antral follicles (300-400 lm) were obtained from at least two mice of each genotype per experiment. The follicles were then randomly divided into five groups-nontreatment (NT), vehicle control (DMSO), and three chemical treatments of MXC, MOH, or HPTE. Increasing concentrations (1.33, 13.3, and 133 mg/ml) of MXC and (0.133, 1.33, and 13.3 mg/ml) of MOH and HPTE were made to allow an equal volume to be added to each of the treatment groups in the 96-well culture plate to control the solvent concentration. The final concentrations of MXC in each well of the culture were 1, 10, and 100 lg/ml. Similarly, final concentrations of MOH and HPTE in culture were 0.1, 1, and 10 lg/ml. MOH and HPTE were used at 10-fold lower concentrations than MXC because the metabolites of MXC are thought to be more toxic than the parent compound. Moreover, the amount of the metabolites reaching the follicles after MXC has been metabolized is likely to be lower than the parent compound. In the vehicle control treatment group, DMSO was used at 0.075%, which is not toxic to cultured follicles. The doses selected for in vitro studies were based on previously published studies showing that these concentrations of MXC, MOH, and HPTE induce toxicity in antral follicles and granulosa cell culture models Miller et al., 2005) . A nontreatment group was included to control for culture conditions and follicles in this group were placed only in supplemented Minimum Essential Medium alpha (a-MEM) devoid of either DMSO or chemicals.
The follicles were cultured in supplemented a-MEM as described previously. Briefly, supplemented a-MEM was prepared using 1% ITS (10 ng/ml insulin, 5.5 ng/ml transferrin, 5.5 ng/ml selenium), 100 U/ml penicillin, 100 mg/ml streptomycin, 5 IU/ml human recombinant folliclestimulating hormone (Dr A. F. Parlow, National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance, CA), and 5% fetal calf serum (Atlanta Biologicals, Lawrenceville, GA). Follicles were incubated for 96 h at 37°C in 95% air and 5% CO 2 .
Growth analysis of follicles in culture. Antral follicles were cultured for 96 h and follicle growth was examined at 24-h intervals using published methods . Briefly, starting on the day of culture (0 h), follicles in the culture wells were measured every 24 h using an inverted microscope equipped with a calibrated ocular micrometer. Follicle diameters were measured in perpendicular axes, averaged among treatment groups and plotted to compare the effects of chemical treatments on growth over time. Data were analyzed as percent change of diameter from the 0-h time point.
Gene analysis. Gene expression analysis was carried out on liver samples as well as cultured antral follicles. Liver samples were taken from adult female ESR1 OE and control mice. Total RNA from liver samples was extracted using RNeasy Mini Kit (Qiagen, Inc.) per the manufacturer's protocol. Cultured antral follicles were collected from 96-well plates and snap-frozen in liquid nitrogen. Total RNA was extracted from follicles using the RNeasy Micro Kit (Qiagen, Inc.) by homogenizing the follicles in buffer according to the manufacturer's protocol. Total RNA (100-500 ng) from liver and follicles were then reverse transcribed to obtain complementary DNA (cDNA) using an iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules CA) according to the manufacturer's protocol. Quantitative real-time (q-PCR) was conducted using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) and accompanying software according to the manufacturer's instructions. The machine quantifies the amount of q-PCR product generated by measuring the dye (SsoFast EvaGreen from Bio-Rad Laboratories, Inc.) that fluoresces when bound to double-stranded DNA. A standard curve was generated from five serial dilutions of purified q-PCR product. To detect genomic DNA contamination, a well containing total RNA was included each time. Gene-specific primers (synthesized by Integrated DNA Technologies, Inc., Coralville, Iowa) were used for the q-PCR (Table 1 ) and mouse b-actin was used as the reference gene. An initial incubation of 95°C for 10 min was followed by 40-50 cycles of 94°C for 10 s (denaturation step), 55-60°C (annealing step) for 10 s, and 72°C for 10 s (extension step), along with a final extension at 72°C for 10 min. Starting quantity (SQ), an arbitrary term generated by CFX96, denotes the relative gene expression level in the experimental samples. These values are calculated based on the standard curve and are read at the cycle at which the gene begins amplifying exponentially. For each gene, a melting curve was performed at 55-90°C to monitor the generation of a single product. SQs from ESR1 OE and control samples were normalized by obtaining the ratio of gene:b-actin. The specificity of the primers was verified by the lack of amplification from genomic DNA and by a single melting curve. For liver samples, fold changes were calculated as a ratio of normalized values of ESR1 OE samples and mean normalized values of controls. All experiments were performed in triplicate.
Statistical analysis. All data were analyzed using SPSS statistical software (SPSS, Inc., Chicago, IL). Data were expressed as means ± SEM from at least three separate experiments. Multiple comparisons between experimental groups were done using ANOVA followed by Tukey's post hoc comparison. Comparison between two groups was done using Student's t-test. Statistical significance was assigned at p 0.05.
RESULTS

ESR1 is overexpressed in ESR1 OE mouse ovaries
To confirm that ESR1 was overexpressed in ESR1 OE and control mouse ovaries, q-PCR was carried out using Esr1-specific primers (Fig. 1A) . As previously shown (Tomic et al., (red) is predominantly localized in the theca as well as interstitial cells of both genotypes, but is higher in ESR1 OE than controls. The staining in the theca cells was quantified by densitometry and indicates statistically significant higher levels in ESR1 OE ovaries compared with controls ( Fig 1C; controls: 4.1 ± 0.2 densitometric units; ESR1 OE: 8.2 ± 0.1 densitometric units; p 0.05; n ¼ 4-5 follicles from three different ovaries).
MXC and its metabolites cause increased growth inhibition in antral follicles of ESR1 OE compared with controls
Growth analysis of ESR1 OE and control antral follicles treated with MXC shows that after 96 h of culture, 10 and 100 lg/ml MXC inhibited growth of follicles compared with DMSO-treated follicles ( Fig. 2A) . However, in ESR1 OE mice, follicles treated with even the lowest dose of 1 lg/ml MXC had growth inhibition compared with control follicles (controls: DMSO ¼ 135.9 lm ± 1.8; 1 lg/ml MXC ¼ 133.9 lm ± 3.73; 10 lg/ml MXC ¼ 99.9 lm ± 0.8; 100 lg/ml MXC ¼ 94.2 lm ± 4.0 ESR1 OE: DMSO ¼ 130.7 lm ± 2.8; 1 lg/ml MXC ¼ 109.7 lm ± 1.4; 10 lg/ml MXC ¼ 98.7 lm ± 3.3; 100 lg/ml MXC ¼ 105.4 lm ± 2.7; n ¼ 13-15 follicles from five separate experiments; p 0.05). MXC did not affect growth of antral follicles at 0-72 h (data not shown).
With MOH treatment, 1 and 10 lg/ml MOH inhibited growth of control follicles compared with DMSO-treated follicles. However, in ESR1 OE mice, all three doses of MOH (0.1, 1, and 10 lg/ml) inhibited growth of antral follicles ( Fig. 2B ; controls: DMSO ¼ 148.7 lm ± 2.9; 0.1 lg/ml MOH ¼ 139.8 lm ± 0.7; 1 lg/ml MOH ¼ 136.7 lm ± 1.9; 10 lg/ml MOH ¼ 99.7 lm ± 2.6; ESR1 OE: DMSO ¼ 145.8 lm ± 4.1; 0.1 lg/ml MOH ¼ 124.5 lm ± 6.7; 1 lg/ml MOH ¼ 123.1 lm ± 3.0; 10 lg/ml MOH ¼ 93.9 lm ± 5.7; n ¼ 13-15 follicles from three separate experiments; p 0.05). MOH did not affect growth of antral follicles at 0-72 h (data not shown).
HPTE treatment also caused differences in antral follicle growth between ESR1 OE and control mice (Fig. 2C) . In control animals, the growth of antral follicles was not inhibited with any of the three doses of HPTE compared with DMSOtreated follicles (Fig 2C, left panel) . However, in ESR1 OE antral follicles, 10 lg/ml HPTE significantly inhibited follicle growth as early as 48 h compared with DMSO treatment (Fig 2C, right panel) . Significant growth inhibition by 1 lg/ml HPTE was seen by 72 h compared with DMSO treatment, and by 96 h even the lowest dose caused a significant inhibition of antral follicle growth compared with DMSO-treated antral follicles (Fig2C, right panel; at 96h-controls: DMSO ¼ 124.7 lm ± 2.3; 0.1 lg/ml HPTE ¼ 126.1 lm ± 3.9; 1 lg/ml HPTE ¼ 127.5 lm ± 2.9; 10 lg/ml HPTE ¼ 115.5 lm ± 10.2; ESR1 OE: DMSO ¼ 126.1 lm ± 5.8; 0.1 lg/ml HPTE ¼ 115.7 lm ± 3.8; 1 lg/ml HPTE ¼ 108.9 lm ± 2.1; 10 lg/ml HPTE ¼ 100.5 lm ± 2.0; n ¼ 13-15 follicles from three separate experiments; p 0.05).
MXC and its metabolites cause differential gene expression of nuclear receptors in antral follicles of ESR1 OE and controls Since ESR1 is a nuclear transcription factor, which upon ligand binding, can cause gene transcription of various genes including nuclear receptors (Murdoch and Gorski, 1991) , ESR1 OE and control antral follicles treated with MXC, MOH, and HPTE in vitro were subjected to q-PCR to analyze mRNA levels of nuclear receptors including Esr1, Esr2, Ar, Ahr, and Pr. The results show that MXC treatment caused differential gene expression of Esr1 in controls and ESR1 OE (Fig. 3A) . In controls, MXC treatment caused a dose-dependent decrease in Esr1 mRNA and was significantly reduced at the highest dose of treatment compared with DMSO-treated follicles (Fig. 3A , left panel; controls: DMSO ¼ 0.2 SQ ± 0.1; 1 lg/ml MXC ¼ 0.1 SQ ± 0.002; 10 lg/ml MXC ¼ 0.06 SQ ± 0.02; 100 lg/ml MXC ¼ 0.03 SQ ± 0.02; n ¼ 13-15 follicles from five separate experiments; p 0.05). In ESR1 OE mice, the mRNA levels of Esr1 increased in a dose-dependent manner and were significantly higher than controls in follicles treated with 
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451 100 lg/ml MXC compared with DMSO-treated follicles (Fig.  3A , right panel; ESR1 OE: DMSO ¼ 5.0 SQ ± 0.9; 1 lg/ml MXC ¼ 4.4 SQ ± 0.4; 10 lg/ml MXC ¼ 10.0 SQ ± 3.1; 100 lg/ml MXC ¼ 29.0 SQ ± 7.0; n ¼ 13-15 follicles from five separate experiments; ; p 0.05).
In follicles treated with MOH and HPTE, mRNA levels of Esr1 were significantly higher in ESR1 OE antral follicles compared with controls ( Figs. 3B and 3C ). However, gene expression levels did not differ between the treatment groups in either genotype when compared with DMSO-treated follicles.
MXC (10 lg/ml) significantly upregulated Esr2 levels in controls and ESR1 OE antral follicles. However, Esr2 levels in controls were significantly higher than ESR1 OE antral follicles at this concentration ( Fig. 4A ; controls: DMSO ¼ 0.4 SQ ± 0.2; 10 lg/ml MXC ¼ 1.6 SQ ± 0.1; ESR1 OE: DMSO ¼ 0.5 SQ ± 0.02; 10 lg/ml MXC ¼ 1.07 SQ ± 0.1; n ¼ 13-15 follicles from three separate experiments; p 0.05).
With MOH treatment, Esr2 was upregulated significantly at 10 lg/ml in ESR1 OE mice compared with controls; whereas in control follicles, levels of Esr2 were not different between treatment groups ( Fig. 4B ; controls: DMSO ¼ 0.4 SQ ± 0.02; 10 lg/ml MOH ¼ 1.21 SQ ± 0.5; ESR1 OE: DMSO ¼ 0.43 SQ ± 0.06; 10 lg/ml MOH ¼ 1.46 SQ ± 0.06; n ¼ 13-15 follicles from three separate experiments). HPTE treatment of antral follicles significantly upregulated Esr2 levels at 10 lg/ml in both genotypes ( Fig. 4C ; controls: DMSO ¼ 0.3 SQ ± 0.01; 10 lg/ml HPTE ¼ 1.77 SQ ± 0.02; ESR1 OE: DMSO ¼ 0.37 SQ ± 0.05; 10 lg/ml HPTE ¼ 1.72 SQ ± 0.22; n ¼ 13-15 follicles from three separate experiments; p 0.05).
MXC treatment caused a dose-dependent increase in the levels of Ar in ESR1 OE and control antral follicles (Fig. 5A ). In both genotypes, 100 lg/ml MXC caused a significant increase in the levels of Ar compared with DMSO-treated follicles. However, the levels of Ar were significantly higher in ESR1 OE antral follicles compared with control antral follicles with 100 lg/ml MXC treatment (controls: DMSO ¼ 26.9 SQ ± 4.3; 100 lg/ml MXC ¼ 49.6 SQ ± 7.1; ESR1 OE: DMSO ¼ 25.5 SQ ± 2.6; 100 lg/ml MXC ¼ 87.5 SQ ± 8.9; n ¼ 13-15 follicles from three separate experiments; p 0.05). MOH and HPTE treatment did not have any effect on Ar levels in ESR1 OE or control antral follicles (Figs. 5B and 5C ).
MXC treatment did not cause any change in Pr levels in ESR1 OE-treated antral follicles. However, in control follicles, Pr levels at 10 and 100 lg/ml MXC were significantly increased compared with DMSO-treated antral follicles ( Fig  6A) . At these doses of MXC, Pr levels in control follicles were significantly higher than ESR1 OE follicles as well (controls: DMSO ¼ 0.9 SQ ± 0.02; 10 lg/ml MXC ¼ 1.9 SQ ± 0.1; 100 lg/ml MXC ¼ 2.1 SQ ± 0.3; ESR1 OE: DMSO ¼ 1.0 SQ ± 0.1; 1 lg/ml MXC ¼ 1 SQ ± 0.1; 10 lg/ml MXC ¼ 1.2 SQ ± 0.1; 100 lg/ml MXC ¼ 1.4 SQ ± 0.2; n ¼ 13-15 follicles from three separate experiments; p 0.05). MOH or HPTE treatments did not alter Pr levels in either genotype (Figs. 6B and 6C) .
MXC treatments did not affect levels of Ahr in either genotype (Fig 7A) . In MOH-and HPTE-treated antral follicles, 10 lg/ml treatment significantly decreased the levels of Ahr in ESR1 OE mice compared with DMSO, 0.1 and 1 lg/ml treatments (Figs. 7B and 7C ). However, MOH treatment had no effect on the levels of Ahr in control follicles (Figs 7B, controls: DMSO ¼ 6.1 SQ ± 0.5; 10 lg/ml MOH ¼ 4.3 SQ ± 0.8; ESR1 OE: DMSO ¼ 6.6 SQ ± 0.4; 10 lg/ml MOH ¼ 3.84 SQ ± 0.2; n ¼ 13-15 follicles from three separate experiments; Fig. 7C , controls: DMSO ¼ 65.8 SQ ± 7; 10 lg/ml HPTE ¼ 44.9 SQ ± 2.1; ESR1 OE: DMSO ¼ 75.6 SQ ± 6.6; 10 lg/ml HPTE ¼ 53.9 SQ ± 2.4; n ¼ 13-15 follicles from three separate experiments; p 0.05).
MXC and its metabolites cause differential gene expression of metabolizing enzymes in antral follicles of ESR1 OE and controls
Since Cyp1a2 and Cyp2c29 are involved in the metabolism of MXC and its metabolites (Stresser and Kupfer, 1998) , we analyzed the mRNA levels of these enzymes in antral follicles cultured with MXC and its metabolites. MXC treatment 
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453 significantly induced Cyp1a2 in control follicles at 10 lg/ml compared with the DMSO, 1 and 100 lg/ml treated follicles. However, in ESR1 OE follicles, MXC treatment significantly induced Cyp1a2 at the 100 lg/ml concentration compared with DMSO, 1 and 10 lg/ml treatment groups. Interestingly, at 100 lg/ml MXC, Cyp1a2 induction was significantly greater in ESR1 OE follicles compared with controls ( Fig 8A; controls: DMSO ¼ 15.5 SQ ± 3.0; 100 lg/ml MXC ¼ 16.3 SQ ± 2.3; ESR1 OE: DMSO ¼ 26.2 SQ ± 5; 100 lg/ml MXC ¼ 57.7 SQ ± 7.8; n ¼ 13-15 follicles from three separate experiments; p 0.05). MOH or HPTE did not have any effect on Cyp1a2 in any of the treatment groups compared with DMSO treatment (Figs. 8B and 8C) .
MXC treatment significantly induced Cyp2c29 in control follicles at 10 lg/ml compared with DMSO-treated follicles, whereas in ESR1 OE follicles, MXC treatment significantly induced Cyp2c29 at the 100 lg/ml concentration compared with DMSO-treated follicles. Similar to Cyp1a2, at 100 lg/ml MXC treatment, Cyp2c29 induction was significantly greater in ESR1 OE follicles compared with controls ( Fig. 9A ; controls: DMSO ¼ 01.7 SQ ± 0.1; 100 lg/ml MXC ¼ 3.1 SQ ± 0.3; ESR1 OE: DMSO ¼ 2.36 SQ ± 0.63; 100 lg/ml MXC ¼ 7.34 SQ ± 1; n ¼ 13-15 follicles from three separate experiments; p 0.05). MOH or HPTE did not affect Cyp2c29 in any of FIG. 6 . Effect of MXC, MOH, and HPTE on gene expression levels of Pr in antral follicles of control and ESR1 OE mice. Antral follicles were cultured with MXC (1-100 lg/ml), MOH (0.1-10 lg/ml), HPTE (0.1-10 lg/ml), or the vehicle DMSO for 96 h and then subjected to q-PCR with Pr-specific primers. The relative gene expression quantities of Pr were normalized to b-Actn. (A) MXC-treated follicles; (B) MOH-treated follicles; (C) HPTE-treated follicles. Each bar represents means ± SEM. Bars with different letters are significantly different from each other (n ¼ 13-15 follicles per treatment from three separate experiments; p 0.05).
FIG. 7.
Effect of MXC, MOH, and HPTE on gene expression levels of Ahr in antral follicles of control and ESR1 OE mice. Antral follicles were cultured with MXC (1-100 lg/ml), MOH (0.1-10 lg/ml), HPTE (0.1-10 lg/ml), or the vehicle DMSO for 96h and then subjected to q-PCR with Ahr-specific primers. The relative gene expression quantities of Ahr were normalized to b-Actn. (A) MXC-treated follicles; (B) MOH-treated follicles; (C) HPTE-treated follicles. Each bar represents means ± SEM. * Indicate significant differences from DMSO controls within genotype (n ¼ 13-15 follicles per treatment from three separate experiments; p 0.05). Because Cyp3a41a is involved in the metabolism of MOH and HPTE (Stresser and Kupfer, 1997) , we analyzed the levels of Cyp3a41a in follicles treated with these chemicals. With MOH treatment, there was a significant induction of the Cyp3a41a gene in all treatment groups compared with DMSO treatment in ESR1 OE antral follicles. However, 1 and 10 lg/ml HPTE treatments significantly downregulated Cyp3a41a compared with DMSO and 0.1 lg/ml in the ESR1 OE antral follicles. Between the genotypes, Cyp3a41a was significantly lower in DMSO-treated follicles of ESR1 OE compared with controls (Figs. 10A, controls: DMSO ¼ 56.2 SQ ± 7.8; ESR1 OE: DMSO ¼ 28.9 SQ ± 3.3; Fig. 10B , controls: DMSO ¼ 23.5 SQ ± 2.1; ESR1 OE: DMSO ¼ 8.9 SQ ± 0.5; n ¼ 13-15 follicles from three separate experiments; p 0.05).
Gene expression of Cyp3a41a is lower in ESR1 OE livers compared to controls
Because we found significantly low levels of Cyp3a41a in DMSO-treated follicles in vitro, we analyzed the fold change in gene expression levels of Cyp1a2, Cyp2c29, and Cyp3a41a between liver tissues of ESR1 OE and control mice. Although there was no difference in the fold-change levels of Cyp1a2 and Cyp2c29 between ESR1 OE and control livers (Figs. 11A   FIG. 8 . Effect of MXC, MOH, and HPTE on gene expression levels of Cyp1a2 (MXC metabolizing enzyme) in antral follicles of control and ESR1 OE mice. Antral follicles were cultured with MXC (1-100 lg/ml), MOH (0.1-10 lg/ml), HPTE (0.1-10 lg/ml), or the vehicle DMSO for 96 h and then subjected to q-PCR with Cyp1a2-specific primers. The relative gene expression quantities of Cyp1a2 were normalized to b-Actn. (A) MXC-treated follicles; (B) MOH-treated follicles; (C) HPTE-treated follicles. Each bar represents means ± SEM. Bars with different letters are significantly different from each other (n ¼ 13-15 follicles per treatment from three separate experiments; p 0.05).
FIG. 9.
Effect of MXC, MOH, and HPTE on gene expression levels of Cyp2c29 (MXC metabolizing enzyme) in antral follicles of control and ESR1 OE mice. Antral follicles were cultured with MXC (1-100 lg/ml), MOH (0.1-10 lg/ml), HPTE (0.1-10 lg/ml), or the vehicle DMSO for 96 h and then subjected to q-PCR with Cyp2c29-specific primers. The relative gene expression quantities of Cyp2c29 were normalized to b-Actn. (A) MXCtreated follicles; (B) MOH-treated follicles; (C) HPTE-treated follicles. Each bar represents means ± SEM. Bars with different letters are significantly different from each other (n ¼ 13-15 follicles per treatment from three separate experiments; p 0.05).
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and 11B) the fold-change level of Cyp3a41a was significantly lower in ESR1 OE livers compared with controls ( Fig. 11C ; controls ¼ 1 SQ; ESR1 OE ¼ 0.43 SQ ± 0.2; n ¼ 5; p 0.05).
DISCUSSION
Our present study shows that ESR1 OE antral follicles treated with MXC have increased growth inhibition compared with controls, indicating that ESR1 OE antral follicles are more sensitive to MXC-induced growth inhibition than controls. This is consistent with previous studies in which in vivo MXC treatment resulted in a higher percentage of atretic antral follicles in ESR1 OE mice compared with controls . When we analyzed growth in follicles treated with the metabolites of MXC, we found that the lower dose of MOH caused a significant growth inhibition in ESR1 OE follicles compared with control follicles. We also found that although HPTE did not inhibit growth in control follicles, it inhibited growth in ESR1 OE antral follicles. This concurs with previous findings that MOH is more toxic to antral follicles than HPTE . However, ESR1 OE follicles treated with HPTE have growth inhibition by 48 h, whereas MOH-treated follicles (0.1 and 1 lg/ml) have growth inhibition only by 96 h, which suggests that ESR1 OE follicles are more sensitive to toxicity induced by HPTE than MOH. This could be because HPTE has a greater affinity for ESR1 than MXC (Gaido et al., 1999) and possibly MOH and hence can bind to the higher numbers of ESR1 in ESR1 OE follicles at a faster rate inducing toxicity at an earlier time point compared with controls. Additionally, the ratio of ESR1:ESR2 in any tissue is critical for determining the specificity and end point of ligand binding (Chang et al., 2008; Hall and McDonnell, 1999) . In tissues where ESR2 is higher, such as the control antral follicles in this study, it is possible that MXC, HPTE, and MOH have a completely different effect than in tissues where ESR1 expression is higher such as ESR1 OE antral follicles of this study.
ESR1 belongs to a large superfamily of nuclear hormone receptors that share a common structural organization comprising domains that are responsible for specific functions such as ligand binding, dimerization, DNA binding, and transactivation (Murdoch and Gorski, 1991) . In this study, we determined whether MXC and its metabolites cause differential gene expression of nuclear receptors Esr1, Esr2, Ar, Pr, and Ahr in ESR1 OE mice compared with controls. Our results show that, with MXC treatment, there is a dose-dependent downregulation of Esr1 in control antral follicles, whereas in ESR1 OE follicles, there is a dose-dependent induction of Esr1. As mentioned earlier, these data suggest that MXC is acting differentially in ESR1 OE and control follicles because of the ratio of ESR1 and ESR2 expressed in these tissues. In control antral follicles, ESR2 is higher because granulosa cells predominantly express ESR2, whereas theca cells predominantly express ESR1. However, in ESR1 OE follicles, ESR1 is higher than ESR2 because of the transgenic overexpression of Esr1 in the theca and interstitium of ESR1 OE ovaries. The relative levels of ESR1 and ESR2 are critical for determining the sensitivity and specificity of responses of tissues to estrogens and estrogenic chemicals such as MXC and its metabolites (Chang et al., 2008; Hall and McDonnell, 1999) . Studies have indicated that various estrogenic chemicals will cause varied phenotypes in tissues that express predominantly ESR1 compared with those expressing ESR2 by differential gene transcription (Tee et al., 2004; Waters et al., 2001) . Moreover, studies done on the structure activity relationships of ESRs with its ligands show that the ligand determines the specificity of coregulators binding to response elements (Tee et al., 2004) . Hence, it is possible that in tissues overexpressing ESR1, MXC binds predominantly to the overexpressed ESR1 and recruiting coactivators to auto-induce gene transcription of Esr1. However, in control tissues, MXC interacts predominantly with ESR2, downregulating Esr1 levels because ESR2 is known to significantly reduce the stimulatory effect of ESR1, thus inhibiting ESR1-mediated gene transcription Lindberg et al., 2003) .
We also found that Esr2 mRNA levels were induced significantly in controls compared with ESR1 OE antral follicles treated with 10 lg/ml MXC, but not 100 lg/ml MXC. Studies have shown that the ability of ESR2 to function as a transcriptional inhibitor or activator depends on the agonist concentration, implying that, at various concentrations, there may be completely different patterns of gene expression . It is possible that at 100 lg/ml, the binding of MXC to ESR2 results in an unstable ESR2 dimer-DNA complex that results in inhibition of gene transcription, whereas at 10 lg/ml, MXC results in Esr2 gene transcription. Additionally, studies have shown that estrogenic chemicals exhibit differential effects on the two ESRs because of the differences in recruiting coactivators (Kuiper et al., 1998) . ESR2 has been shown to retain a better ability to associate with co-activators when bound to xenoestrogens than when bound to estradiol (Kuiper et al., 1998; Lemaire et al., 2006) , thus leading to increased gene transcription when exposed to environmental estrogens such as MXC. In our study, because control follicles have higher levels of ESR2 than ESR1, MXC could be binding predominantly to ESR2 and causing an increase in gene transcription resulting in higher levels of Esr2 mRNA. Our results showing that HPTE induces Esr2 expression in controls and ESR1 OE antral follicles are consistent with previous findings showing that HPTE treatment induces Esr2 levels in the ovary attributing it to an estrogenlike response (Waters et al., 2001) . We think that MOH induces Esr2 in ESR1 OE antral follicles in a similar way.
The dose-dependent increase in Ar expression levels in ESR1 OE and control follicles could be because MXC can bind to AR (Gaido et al., 2000) , and may be inducing gene transcription increasingly with dose. Interestingly, 100 lg/ml MXC induced Ar significantly in ESR1 OE antral follicles compared with controls. This could be because in ESR1 OE antral follicles treated with 100 lg/ml MXC, there is also a considerable induction of Esr1 that could possibly result in cross talk and subsequent higher expression of Ar in ESR1 OE follicles compared with control follicles.
In ESR1 OE antral follicles, MXC treatment does not cause an alteration in Pr expression levels, whereas in control antral follicles, there is a significant induction of Pr at higher concentrations of MXC. It is possible that MXC may be directly binding to PR and inducing gene transcription at higher concentrations (Scippo et al., 2004) . This may also explain the low levels of Esr1 and Esr2 mRNA at 100 lg/ml MXC in control antral follicles because there is evidence that activation of PR has an inhibitory effect on gene transcription by ESRs (Kraus et al., 1995) .
Both MOH and HPTE downregulate Ahr at their highest dose (10 lg/ml) in control and ESR1 OE antral follicles. There is substantial evidence of cross talk between ESRs and AhR in various tissues including the ovary (Safe and Wormke, 2003) . Studies have shown that 2,3,7,8-tetrachlorodibenzo-p-dioxininduced activation of AhR results in down-regulation of ESRs (Krishnan et al., 1995) . Hence, it is possible that the upregulation of Esr2 by MOH and HPTE may be downregulating Ahr in control and ESR1 OE antral follicles.
Previous studies have shown that MXC treatment alters various CYP450 enzymes including Cyp1a2 and Cyp2c29 in the liver and ovary (Oropeza-Hernandez et al., 2003; Symonds et al., 2006) . Moreover, ESR1 expression can also regulate certain CYP450 enzymes (Mwinyi et al., 2010) and hence it is possible that overexpression of ESR1 in ESR1 OE antral follicles is altering gene transcription of Cyp1a2 and Cyp2c29 as well. Interestingly, when we analyzed Cyp3a41a, which is the enzyme responsible for metabolizing MOH and HPTE in FIG. 11 . Gene expression levels of Cyp1a2, Cyp2c29, and Cyp3a41a (enzymes metabolizing MXC, MOH, and HPTE) in livers of ESR1 OE and control mice. Sections of the lower lobe of the livers from adult female ESR1 OE and control mice were isolated and subjected to real-time PCR using specific primers for Cyp1a2, Cyp2c29, and Cyp3a41a. (A) Cyp1a2; (B) Cyp2c29; (C) Cyp3a41a mRNA levels. Each bar represents means ± SEM. * Indicate significant differences from DMSO controls within genotype (n ¼ 3; p 0.05).
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ESR1 OE and control follicles treated with the chemicals, we observed a significant decrease of Cyp3a41a enzyme in DMSO-treated ESR1 OE follicles compared with control follicles. This led us to analyze the levels of the metabolizing enzymes in the liver of adult cycling ESR1 OE and control female mice. Although there were no changes in gene expression levels of Cyp1a2 and Cyp2c29 in the liver, we observed a significant decrease in Cyp3a41a mRNA in ESR1 OE antral follicles but not in control follicles. This suggests that the metabolism of MOH and HPTE in ESR1 OE mice is slower than controls, which could also explain the increased sensitivity of ESR1 OE mouse ovaries to MXC compared with controls .
In conclusion, several factors play a role in the interaction of ESR1 and ESR2 with different ligands and response elements as well as recruitment of distinct co-regulators, all of which collectively account for the differences in gene expression in control and ESR1 OE ovaries (Sanchez et al., 2002) . Our present study shows that MXC, HPTE, and MOH affect growth and gene transcription differentially in control and ESR1 OE antral follicles. Furthermore, our findings show that MXC, which is less estrogenic than HPTE and MOH (Gaido et al., 2000) causes dramatic changes in gene transcription compared to the metabolites. Collectively, these results suggest that the levels of ESR1 in the ovary are vital for determining the response of the ovaries to environmental chemicals. Any disruption in the equilibrium between ESR1 and ESR2 in the ovaries may result in a considerable change in the way the ovaries respond to estrogenic chemicals. This differential gene expression may account for the increased sensitivity of ESR1 OE antral follicles to toxicity induced by MXC and its metabolites.
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